Abstract Ventilation (VE
the increase in heart rate, was not reflexively produced from the working limbs; they believed the reactions to be due to irradiation of impulses from the motor cortex.
During submaximal work, the arterial blood gas tensions (Pao2 and Pa~o2) and arterial pH are generally considered to remain unchanged from resting values in the steady state (DEJOURS, 1964; WASSERMAN et al., 1974) . The concept implies arterial isocapnic hyperpnea during steady state exercise in man. The arterial isocapnia is secondary to proportional increments in alveolar ventilation (VA) at step increments in work rate and carbon dioxide production (V"o2). Thus constancy in Pa~o2 and arterial pH is assumed to be secondary to an exercise control system of unknown origin during light and moderate exercise. The cardio-dynamic hypothesis (WASSERMAN et al., 1974) assumes that the hyperpnea during exercise is caused by the increase in cardiac output (Q). At heavy, dynamic exercise, hyperventilation occurs presumably due to metabolic acidemia, acting via peripheral chemoreceptors. The objectives of the present study are twofold: first, to determine the relationships between respiratory and cardiac variables during stepwise increase in steady state work rate; and secondly, to analyze the changes of ventilation and cardiac output per unit carbon dioxide produced (i.e., the ventilation equivalent, and the cardiac output equivalent for carbon dioxide, VE/ J02 and / J'2). If the rise in VE is due to the rise in Q, and reflects the tissue demands as hypothesized by WASSERMAN et al. (1974) , the VE/ Vco2 and Q/ J"2 must have the same value at all steady state work rates as at rest.
METHODS
Subjects. Four normal males were studied (Table 1) . The subjects were found among the authors. They had no history of (or current) symptoms of cardiopulmonary diseases. Informed consent was obtained, and the protocol was approved by the local ethical committee and conformed to the Helsinki declaration.
Recordings and equipment. All recordings were conducted in a quiet room with the subjects seated. Four stainless steel strips of 5 mm width and of 0.1 mm thickness were arranged around the neck and the chest wall of the subject, constituting the tetrapolar electrode system of an impedance cardiograph. Stroke volume, heart rate, and cardiac output were automatically determined from the electrode signals with a Minnesota Impedance Cardiograph (model 304-A, Minnesota Inc.). The circulatory variables were continuously processed by a microcomputer system. The ensemble-averaging impedance system is described in detail elsewhere (MIYAMOT0 et al., 1981a) , and its accuracy during rest and moderate exercise correlates highly with the CO2 rebreathing principle (DU QUESNAY et al., 1987) . At higher levels of exercise, however, the impedance method underestimated Q less than l0% compared to the rebreathing method (DU QUESNAY et al., 1987) . Comparison with the thermodilution principle confirmed the validity of the ensemble-averaging impedance plethysmography (MUzI et al., 1985) . The resistivity of the blood was assumed to be 150 Q/cm in our healthy subjects in accordance with INMAN et al. (1987) . These authors also found the accuracy of the impedance method similar to the CO2 rebreathing method even at 200 W exercise.
Triggered by the ECG R-wave, the computer sampled the first time derivative (dZ/dt) and basic transthoracic impedance (Z0) at a rate of 200 times per s. The sampling was repeated for 5-12 cardiac cycles in order to obtain an average waveform with a favorable signal-to-noise ratio for computer processing. Respiratory flow and end expiratory gas tensions were measured with a respiratory hot wire flowmeter (RF-2, Minato Med. Sci. Co., Ltd.) and an expired gas monitor (San-ei, lH 21A, Tokyo) using the infrared (carbon dioxide) and the polarographic (oxygen) principle. All direct or computed data were recorded on a multichannel recorder (San-ei, RECTI HORIZ-8K, Tokyo) by means of digital to analogue converters.
Protocol and data treatment. Following half an hour of supine rest, each subject got on a Monark bicycle ergometer, and stayed in the resting position for 3 min. Then exercise was performed at a work rate of 25 W for 5 min. This exercise was continued with increments of 25 W every 4 min up to a maximum of 150 W (in one subject 100W). Following cessation of exercise, the recovery process was examined at three periods of 3 min each. During the last half min of each recovery period, the circulatory and respiratory variables were determined.
From the measurement the following derived variables were calculated: tidal volume/vital capacity ratio (VT/VC), alveolar ventilation (VA), carbon dioxide production/oxygen uptake (V~o2/ V02 = R), heart rate/respiratory frequency (HR/f ), cardiac output (Q), VA/Q, V~o2/Q =(Cv~o2 -Ca~o2), and Vo2/Q = the arteriovenous oxygen content difference. The gain of the ventilatory (J>E/ T'02) and the cardiac (Q/ J'2) response to exercise was calculated at each step of steady state exercise. These two values are called the ventilation equivalent and the cardiac equivalent for carbon dioxide in the following.
RESULTS
The steady state values of related variables at rest and during exercise at different intensities are given in Fig. 1 . The illustration seemed to show an almost linear relation between T02 and VA in the range of work rates studied here; similar results appear in the literature over the past decades. The ratio of VA to V0 2 at rest was about 30, while at the highest work rate only 20. The difference in carbon dioxide concentration between the mixed venous and the arterial blood increased irregularly with increasing work rate (Fig. 1) . Also Q did not rise linearly with work rate (Fig. 1 ).
In the recovery phase, the carbon dioxide production and the extra content of carbon dioxide in the venous blood returned to normal within 6 min as did the alveolar ventilation (Fig. 1) . The HR and Q decreased with different time courses in the recovery phase.
Both the ventilation equivalent and the cardiac equivalent for carbon dioxide fell abruptly from rest (zero) to a steady state rate of 25 W (Fig. 2); Step by step, the ventilation equivalent fell to 2/3 of the resting level at the highest work rate, whereas the cardiac equivalent for carbon dioxide fell to 1/3 of the resting level (Fig. 2) . The equivalents returned to the initial level within the first 6 min of recovery (Fig. 2) . At rest, the JA/Q ratio varied around one, i.e. normal values for subjects sitting on a bicycle ergometer (Fig. 3) . At increasing steady state work rates, the VA increased in parallel with Q (Fig. 3) . All subjects demonstrated a rather steep rise at the higher work rates, and in the recovery phase (points with asterisks in Fig. 3 ) VA returned toward the initial values within 9 min. Since the impedance cardiographic technique may underestimate the stroke volume and thus the Q at work rates above 100W in comparison with C02 rebreathing measurements, the highest values for VA/Q may be overestimated (Fig. 3) . The heart rate ( Fig. 4A) , and the tidal volume/vital capacity ratio (Fig. 4C ) increased almost linearly with work rate, so the VT/VC ratio was back to the resting level in the recovery phase, whereas HR did Fig. 3 . The rise in VA/Q from rest to maximally six steps of steady state cycling in 4 subjects. The points with asterisks denote the 3 recovery measurements. Both abscissae and ordinate are in l/min. not return to the initial level in these subjects (Fig. 4A) . The heart rate/respiratory frequency ratio was rather constant at around 4-8 at all work rates and during recovery, except during the three higher work rates for one subject (Fig. 4B) . Stroke volume reached a maximum at medium work rates, but the stroke volumes measured at the highest work rate may be underestimated (Fig. 4D) . Only at the highest work rate for subject WN we found an especially high respiratory frequency (f= 35) and a low PET~o2 suggesting a special stimulus to be responsible. The possibility of a separate tidal volume control in man is emphasized by the linear relation of VT/VC to work rate (Fig. 4C) . Fig. 4 . The HR, beats/min (in A), the HR/f ratio (in B), the tidal volume/vital capacity ratio (in C), and the stroke volume, ml of blood (in D) in 4 subjects, at different steady state work rates.
The partial tension of oxygen in the end tidal air changed only essentially during the hyperventilation in the recovery phase, but the carbon dioxide tension rose by 5-6 Torr as an average over the range of work rates shown (Fig. 5 ).
DISCUSSION
One subject showed a low PETco2 and a high respiratory frequency (approximately 50°c of the pedalling rate) at the highest work rate. Similar cases were found by MIYAMOTO et al. (1987) . The entrainment of f to pedalling rate may be of cerebral origin, but also the carotid body may be involved. The carotid body activity seems to drive preferentially f rather than tidal volume . The highest work rates of this study clearly exceed the anaerobic threshold (AT), which is around 100W in these untrained subjects. Thus a metabolic acidosis was presumably involved at the highest work loads. With increasing work rates, the threshold is lowered for hypoxia in the carotid bodies. Thus, at heavy exercise the high carotid body sensitivity toward lowered Pao2 is of importance, even during normoxic exercise (ASMUSSEN, 1983) .
The following discussion will question the validity of the cardiodynamic hypothesis (WASSERMAN et al., 1974) and the hypothesis of "cortical irradiation without feedback" (KROGH and LINDHARD, 1913) . The latter concept has received renewed interest following the work of ELDRIDGE et al. (1985) , concerning the Japanese Journal of Physiology "central command without feed -back" hypothesis .
As a consequence of the cardiodynamic hypothesis, the biological important FAcoz (and thus Paco2) must be constant. Accordingly, J>2/ VA must be constant from step to step of steady state exercise. Therefore, the ventilation equivalent to C02 must remain essentially unchanged. On the contrary, we found a substantial reduction of both VE/ Vco2 and /2' compared to the initial levels. WARD and WHIPP (1980) found the VE/ V~o2 decreasing with an increase of J 2 due to a reduction in physiological death space, which takes place early in the exercise period. Recently, MIYAMOTO et al. (1987) found VE/ J 2 reduced during several types of exercise compared to those at rest. When healthy subjects performed bicycle excercise in the sitting position as in the present study, the PETco2 was only 1.6 Torr lower than Pa~o2 at 50 W. The difference is mainly due to the time delay between expiration from lower and upper lung regions, and to regional VA/Q inequalities (ROSENHAMER, 1972) . With increasing VE, these inequalities are minimized, so at 100-150W the end tidal/arterial tension difference is negligible (ROSENHAMER, 1972) . We found a rise in the end tidal CO2 tension, just as reported from arterial blood measurements by DEMPSEY et al. (1984) . Since the rise in cardiac output takes place later (MIYAMoTo et al., 1981b (MIYAMoTo et al., , 1982 MORIKAWA, 1987) than the rise in ventilation, the abrupt rise (phase 1) in ventilation cannot be due to the rise in Q. Receptors sensitive to the carbon dioxide flux (or carbon dioxide concentration or blood flow) in the mixed venous blood have never been documented. In 37 experiments with occlusion cuffs on the exercising legs, an unchanged pulmonary blood flow (Q) was found combined with a 3O-5O° decrease in Vo2 and Vco2, but VE was increasing (AsMussEN and NIELSEN, 1964) . The above five arguments do not support the cardiodynamic hypothesis.
The "cortical irradiation" without reflex feedback (KROGH and LINDHARD, 1913) has been modified by ELDRIDGE et al. (1985) . Irradiation from cortical motor centers is less likely than "central command" from cortical and subcortical locomotor regions as shown on decorticated and decerebrated cats. Fictive locomotion was recorded only as action potentials in the motoneurons, and the rise in ventilation as increased phrenic nerve activity. These results were interpreted as a pure central neural explanation of the rise in ventilation and circulation during exercise, without any requirement of feedback mechanisms (ELDRIDGE et a!.,1985) . However, these observations do not at all exclude the operation of peripheral neural factors, during exercise in the intact individual.
Documentation of peripheral nervous factors operating during exercise in intact persons points to small myelinated and unmyelinated afferent fibers from the exercising limbs. These afferents (group III and IV) from free nerve endings are believed to be sensitive to pain, pressure, and metabolites (MITCHELL et a!., 1977) . A muscle-heart reflex has been demonstrated (HOLLANDER and BoUMAN, 1975) and even a muscle-heart reflex preceded by a rise in ventilation following a single muscle-twitch such as a handgrip or a kick (PAULEV, 1971 (PAULEV, , 1973 . The first sign of increased ventilation occurs within 200 ms from the cerebrally initiated elec-tromyographic activity, and the first rise in heart rate occurs within 550 ms (PAULEV, 1973) . These abrupt responses can only be of nervous character. The above documentation of closely linked central and peripheral nervous factors in intact man questions the validity of the "cerebral command without feed-back" hypothesis based on decorticated and decerebrated cats.
Since central and peripheral nervous factors essential for locomotion operate within fractions of a second, they seem difficult to separate in time. An important central mechanism, closely linked with a peripheral one, works together on a ms basis.
Therefore we propose a new hypothesis that explains the close link between pulmonary and cardiovascular activity during dynamic exercise. Respiratoryrelated neurons in the reticular formation of the brain stem are not all just inspiratory or expiratory (BRODAL, 1981) . One reticular neuron need not be concerned with respiratory control only (BRODAL, 1981) . A given reticular neuron may be involved in controlling the functions of both the respiratory and the cardiovascular system. Such a control neuron, modulated by both central and peripheral signals, may exert its influence through a common neural stimulus for somatic (respiratory) as well as autonomic (cardiovascular) activity. Thus in intact man a combined neural drive (modulated by signals from central locomotor regions and by feedback from the working muscles) may be a logical alternative. A feedback control system cannot keep the set point of Pa~o2 entirely constant, against an increasing carbon dioxide production according to control theory. Accordingly, PETco2 must rise and VE/ VCp2 must fall with increasing work rate. Even though we disregarded the data from our two highest work rates, due to possible underestimation of stroke volume and to metabolic acidosis. Most of the related results from exercise reports over the past decades can be explained by our new hypothesis of a combined neural drive. WARD, S. A. and WHIPP, B. J. (1980) 
